Purpose The prognostic and predictive values of the MAPK/AKT/ERα phosphorylation axis (pT202/T204MAPK, pT308AKT, pS473AKT, pS118ERα and pS167ERα) in primary tumours were assessed to determine whether these markers can differentiate between patient responses for switching adjuvant endocrine therapy after 2-3 years from tamoxifen to exemestane and continued tamoxifen monotherapy in the Intergroup Exemestane Study (IES). Methods Of the 4724 patients in IES, 1506 were managed in a subset of centres (N = 89) participating in PathIES. These centres recruited 1282 (85%, 1282/1506) women into PathIES of whom 1036 had phospho-marker data. All phospho-markers were analysed by immunohistochemistry staining. Multivariable Cox proportional hazards models of the phospho-markers for disease-free survival (DFS) and overall survival (OS) were adjusted for clinicopathological factors. Treatment effects on the biomarker expression were determined by interaction tests. Benjamini-Hochberg adjustment for multiple testing with a false discovery rate of 10% was applied (p BH ). Results Phospho-T202/T204MAPK, pS118ERα and pS167ERα were all found to be correlated (p BH = 0.0002). These markers were not associated with either DFS or OS when controlling for the established clinicopathological factors. Interaction terms between the phospho-markers and treatment strategies for either DFS or OS were not statistically significant (p BH > 0.05 for all). Conclusions This PathIES study confirmed previously described associations between the phosphorylation site markers of AKT, MAPK and ERα activity in postmenopausal breast cancer patients. No prognostic correlations between the phosphorylation markers and clinical outcome were found, nor were they predictive for clinical outcomes among patients who switched therapy over those treated with tamoxifen alone.
reported superiority of tamoxifen for 2-3 years followed by AIs, as compared to tamoxifen alone [2] . These findings were confirmed in a recent meta-analysis, which has shown that aromatase inhibitors, given at some point during the treatment (either at the start or after 2-3 years prior tamoxifen exposure) outperforms tamoxifen monotherapy [3] .
Currently, it remains elusive whether suitable biomarkers can be identified that would facilitate optimal endocrine treatment selection in the adjuvant treatment of breast cancer, identifying individual patients who would derive selective benefit from tamoxifen, AIs or sequential treatment. Our previous analyses showed that high expression of ERß is indicative of no benefit in switching [4] . In contrast, high levels of cell proliferation marker Ki67 indicated selective benefit of AIs over tamoxifen alone [5] .
Phosphorylation of ERα at serine residues 118 and 167 by MAPK and AKT, respectively, increases its activity (Online Resource 1) and phosphorylation at these sites has been associated with patient response to tamoxifen [6, 7] . In contrast, Beelen et al. showed an indication of tamoxifen resistance in postmenopausal breast cancer patients with activated MAPK [8] . No studies to date assessed potential associations of phosphorylation of ERα, MAPK or AKT in patients who received both tamoxifen and aromatase inhibitor treatment, and how this compares to tamoxifen alone. To this end, these phospho-modifications as potential biomarkers for selective endocrine therapy benefit were tested, as determined in the IES study. Additionally, immunohistochemistry (IHC) for active MAPK (phosphorylated at threonine residues 202 and 204) as well as AKT (phosphorylated at threonine 308 and serine 473) was undertaken, since these kinases are known to phosphorylate ERα. Specifically, MAPK phosphorylates S118ERα [9, 10] , while AKT stimulates the phosphorylation of S167ERα [11] . Although reports using phospho-specific antibodies have indicated that these post-translational modifications can have an impact on patient's outcome after adjuvant endocrine treatment [6, 7] , none of these factors has been tested for biomarker potential in the context of a randomised clinical trial, directly comparing outcome after sequential tamoxifen/AI or tamoxifen alone.
Our hypothesis was that activated MAPK and/or AKT pathways-and their downstream impact on ERα phosphorylation at S118 and S167-might be predictive of differential treatment benefit of patients who were treated with tamoxifen alone or who received tamoxifen/exemestane switched therapy.
Our aims in this study were therefore three-fold: firstly, to assess the prognostic significance of the ERα phosphorylation markers in the entire study cohort regardless of treatment received. Secondly, to determine the correlations of the ERα phosphorylation with the respective kinases. Lastly, we aimed to determine whether these markers would indicate selective treatment benefit for patients receiving either tamoxifen alone or for those patients who switched to an AI after 2-3 years of tamoxifen.
Methods

Patients, data handling and sample collection
The study design, detailed eligibility criteria and treatment schedules have been previously described [2] . IES was a multicentre, international, randomised, double-blind phase III study, comparing exemestane 25 mg/day to tamoxifen 20 mg/day (30 mg in Denmark) prescribed for 2-3 years in postmenopausal women with ER+/unknown primary breast cancer who remained disease free after receiving adjuvant tamoxifen therapy for 2 to 3 years [4] . The IES study recruited in total 4724 postmenopausal women from 37 countries (366 centres) between 1998 and 2003 [4] . Formalin-fixed paraffin-embedded (FFPE) tumour samples were retrospectively collected from a subset of centres (PathIES centres N = 89) in accordance with institutional guidelines, ethics requirements and national laws. Of 1506 IES patients managed by PathIES centres, pathological samples from the primary surgery (at least 2 years before randomisation) were collected retrospectively from 1282 women recruited in PathIES centres (85.1%) [4] .
All clinical data used in the analyses were based on the snapshot taken for the most recent IES clinical publication (median follow-up time was 91 months) [12] and the REMARK criteria were employed for data reporting [13] .
Immunohistochemistry staining
Tissue microarrays (TMAs) were constructed using formalin-fixed paraffin-embedded (FFPE) tumour blocks with a total of two cores per tumour. For details on antibodies, staining and scoring, see Online Resource methods section.
Statistical analyses
Spearman's correlation coefficients (r S ) were obtained to investigate the associations between the continuous variables of phospho-markers (pT202/T204MAPK, pS118ERα and pS167ERα) and ERα, PR and Ki67. Trend test was used to assess association for ordinal variables (HER2 status, pT308AKT, pT473AKT and other dichotomised phosphomarkers). Chi-squared (χ 2 ) test was applied to investigate the association between the baseline characteristics of participants who did and did not provide tumour samples within PathIES participating centres. Disease-free survival (DFS) was defined as time from randomisation to recurrence (local, distant ipsilateral or contralateral) or death without disease relapse (intercurrent death) or censoring to the last date the patient was known to be alive and event free. Overall survival (OS) was defined as time from randomisation to date of death or censoring to the last date the patient was known to be alive.
The distributions of DFS and OS according to the subgroups of the phospho-markers were estimated using Kaplan-Meier plots censored at 10 years. Univariate and multivariable Cox proportional hazard (PH) survival models were applied to estimate hazard ratios (HR) for DFS and OS. All univariate and multivariable models met the PH assumption investigated with Schoenfeld residuals and PH tests.
For each of the phospho-markers (pT308AKT, pT473AKT, pT202/T204MAPK, pS118ERα and pS167ERα), a CoxPH regression model was fitted in the whole study, regardless of treatment received to assess the prognostic effect on DFS and OS via estimation of hazard ratios and 95% confidence intervals (CI). CoxPH models were fitted with and without adjusting for pre-specified prognostic factors of the centrally assessed estrogen-receptor status (H score), progesterone-receptor status (H score), Ki67 (ln(ki67 + 0.1)), HER2 status, treatment (tamoxifen and exemestane), nodal status, age group, tumour grade and size (ln(size)). Missing values of the clinicopathological variables were assumed as missing at completely random and therefore not imputed. In the multivariable survival modelling, interaction tests were used to investigate whether there is a differential treatment effect within phospho-markerdefined subgroups.
P-values for all statistical tests were two sided and Benjamini-Hochberg adjusted for multiple testing with false discovery rate of 10%. If the Benjamini-Hochberg adjusted P-value (p BH ) was less than 0.05, the test was considered statistically significant.
Results
PathIES participants
Of the 4724 postmenopausal women with ERα-positive/ unknown primary breast cancer in IES trial, 1506 were managed in 89 centres participating in PathIES study ( Fig. 1 ; Table 1 ). These centres recruited 1282 (85%, 1282/1506) women into PathIES of whom 1036 had phospho-marker data ( Fig. 1 ; Table 1 and Online Resource 4).
Staining and scoring of the phospho-markers
Representative images of immunostaining for each marker with range of intensity are shown in Fig. 2 . Good agreement was found between the independent observers when assessing the expression levels of the phospho-markers (Online Resource 5). Phospho-T308AKT, pS473AKT, pT202/T204MAPK and pS167ERα were detectable in 47.4% (297/627), 51.1% (348/681), 46.8% (316/675) and 52.7% (329/624) of the tumour samples, respectively ( Table 2 , Online Resource 6, 7). 51.3% (400/780) of the patients had pS118ERα of 0-40% and 48.7% (380/780) presented pS118ERα of ≥ 50% ( Table 2 , Online Resource 6, 7). Previous studies regarding pT202/T204MAPK, pS118ERα and/or pS167ERα often made use of a negative versus positive cut-off comparison [14] [15] [16] [17] , a cutoff point we also used for our pT202/T204MAPK and pS167ERα stainings. For the pS118ERα, however, we used a median based cut-off, yielding well-balanced groups by treatments (Table 2) . Additionally, this approach allowed us to prevent the risk of any spuriously significant result associated with the use of optimal cutoff points [18, 19] . 
Correlations between phospho-markers and clinical variables
As MAPK and AKT signalling cascades are functionally implicated in phosphorylation events on ERα, we next tested correlations between all phospho-markers of interest. All phospho-markers of MAPK and ERα (pT202/T204MAPK, pS167ERα and pS118ERα) are positively correlated, albeit moderately [Spearman's correlation coefficients r S (pT202/ T204MAPK/pS118ERα) = 0.62, r S (pT202/T204MAPK/ pS167ERα) = 0.58, r S (pS167ERα/pS118ERα) = 0.59], yet highly statistically significant (p BH = 0.0002 for all) (Table 3) . Furthermore, phosphorylation status of both pT308AKT and pS473AKT was associated with high levels of pT202/ T204MAPK, pS167ERα and pS118ERα (p BH < 0.001 for all) (Table 4) . Similarly, a positive trend was found when comparing pT308AKT and pS473AKT (Table 4 ). These findings support the known biological connections between ERα phosphorylation status and activity of MAPK and AKT.
The Spearman's correlation of pT202/T204MAPK, pS167ERα and pS118ERα with PR status and Ki67 was overall negligible (Table 3 ). Exploring the distribution of dichotomised phospho-markers by HER2 status, we found more patients with pT308AKT (71%, p BH = 0.03) or pS473AKT intensity (69%, p BH = 0.06) in the HER2-positive group ( Table 5 ).
The distribution of the dichotomised phospho-markers among the groups of clinical and pathological characteristics is summarised in Online Resource 8, demonstrating that patients with high pT202/T204MAPK (≥ 10%), or pS118ERα (≥ 50%) present with lower grade tumours [p BH (pT202/T204MAPK) = 0.01, p BH (pS118ERα) = 0.05) and smaller tumour size (p BH (pT202/T204MAPK) = 0.01, p BH (pS118ERα) = 0.01). Similarly, patients with high pS167ERα (≥ 10%) seemed to have smaller tumours (p BH (pS167ERα) = 0.03]. Finally, a negative trend was observed between age and pT202/T204MAPK as well as pS118ERα; however, these trends were not statistically significant at 10% false discovery rate: older patients tend to have lower phosphorylation levels of MAPK (p BH = 0.07) and ERα-S118 (p BH = 0.07) (Online Resource 8).
Associations of phospho-markers with DFS and OS outcomes
The potential associations of pS118ERα, pS167ERα, pT202/T204MAPK, pT308AKT and pS473AKT with outcome, and their relation to therapy were explored. Firstly, Kaplan-Meier estimates for DFS as primary endpoint for IES were analysed for all patients irrespective of therapy. No statistically significant difference in DFS estimates was observed for any of the factors tested (log-rank p BH > 0.05) (Figs. 3, 4, Online Resource 9, 10, 11). When investigating Comparison of patient's baseline characteristics who did and did not provide tumour samples within PathIES participating centres BM biomarker, CT chemotherapy, HRT hormonal replacement therapy a χ 2 test includes G1, G2 and G3/undifferentiated groups only how patients with different levels of phospho-markers would respond to tamoxifen and to switched therapy, no statistically significant change in the Kaplan-Meier curves for DFS was revealed for any biomarkers. The effects of the phosphorylation levels of the markers on overall survival were also explored with Kaplan-Meier curves (Figs. 3, 4 , Online Resource 9, 10, 11).
Phosphorylation levels of the biomarkers were not statistically significantly associated with the overall survival outcome of the PathIES participants. Patients with higher levels of pT202/T204MAPK (≥ 10%) or pS167ERα (≥ 10%) tend to have better OS than those with pT202/T204MAPK of 0% (log-rank p BH = 0.05) (Fig. 3e ) or pS167ERα of 0% (log-rank p BH = 0.05) (Fig. 4e) ; however, none of these associations were statistically significant at 10% false discovery rate. The association of the levels of the phospho-markers with DFS was next tested in the whole PathIES study sample with CoxPH survival models. None of the phospho-markers was found to be prognostic for DFS either in the univariate or in the multivariable CoxPH models adjusting the effect of each phospho-marker for the prognostic parameters of ERα, PR, HER2, Ki67, tumour size and grade, nodal status, age and treatment regimens (Table 6) .
When investigating the predictive value of the phosphomarkers with high versus low expression levels on DFS for exemestane over tamoxifen in the entire study sample, none of the biomarkers' expression was statistically significant to predict differential DFS benefit for patients who switched therapy over tamoxifen: the phospho-marker and treatment interaction tests were not statistically significant in the multivariable analyses (p BH corresponding to the interaction test > 0.05 for all) ( Table 6) .
Exploring the effect of pT202/T204MAPK on OS in the entire cohort, the crude effect size of pT202/T204MAPK of ≥ 10% versus 0% was 0.66 (95% CI 0.47 to 0.94) ( Table 7) . This would suggest an overall survival benefit among patients with pT202/T204MAPK of ≥ 10%; however, this was not statistically significant after adjusting for multiple testing at 10% false discovery rate (p BH = 0.06). The multivariable analyses further demonstrated that this slight association of pT202/T204MAPK with the OS was due to the confounding effect of conventional parameters (HR 0.67, 95% CI 0.33 to 1.34, p BH = 0.29). Similarly, patients (regardless of treatment received) who expressed high level of pS167ERα seemed to have a better prognosis Table 7 ). The other markers (pS118ERα, pT308AKT and pT473AKT) were not prognostic for OS in either univariate or multivariable analyses ( Table 7) . Interaction tests showed no differential treatment (exemestane over tamoxifen) effect on OS within any of the phospho-markers-defined subgroups (p BH > 0.05 for all) ( Table 7) .
In post hoc exploratory analyses of the combinations of factors within the same biological pathway (pT202/ T204MAPK/pS118ERα, pS473AKT/pS167ERα and pT308AKT/pS167ERα), there were no differences observed in DFS (Online Resource 12, 13) or OS (Online Resource 12, 14) outcomes for any of the tested combinations.
Interaction tests between the phospho-markers and treatments demonstrated no predictive value of any pathways investigated either on DFS or on OS among patients treated with exemestane over tamoxifen when adjusting for potential confounders in the entire study sample (all p BH values corresponding to the interaction test > 0.05). 
Discussion
In the adjuvant treatment of breast cancer, multiple endocrine therapeutic options are available and current guidelines permit the use of tamoxifen, aromatase inhibitors or a sequential treatment of the two. Therefore, biomarkers are needed to enable optimal endocrine treatment selection. In this study, we used samples from the Intergroup Exemestane Study to evaluate whether there is predictive value of biomarkers in the MAPK/AKT/ERα signalling axis selective for patients receiving either tamoxifen monotherapy or tamoxifen/exemestane sequential treatment. While multiple studies have described an association between tamoxifen response and phosphorylation status of these factors [6] [7] [8] , such connections are thus far not reported in patients who received both tamoxifen and aromatase inhibitor treatment.
Several studies [14, [20] [21] [22] , including our own [23] [24] [25] , have evaluated co-expression of relevant MAPK and AKT pathways with kinases with ERα phosphorylation status; in general, these studies have reported a correlation between pS118ERα, pS167ERα and the activation status of respective kinases, i.e. MAPK and AKT. Our current study confirms these findings, further supporting the quality of our dataset.
In the context of PathIES study, the phospho-markers of our interest did not appear to be prognostic for DFS in the entire cohort regardless of treatment received or predictive for this outcome among patients with switched therapy (to exemestane from tamoxifen), over those treated with tamoxifen alone when adjusting for potential confounders.
Phospho-S167ERα has previously been shown to be positively correlated with PR [26] and, by our group, negatively with tumour size [24] . Although it has been reported that pS167ERα is indicative of good outcome in patients who received adjuvant tamoxifen [24, 26, 27] , the present study demonstrated that this biomarker is neither prognostic for DFS or OS nor predictive for these outcomes among PathIES patients managed with exemestane after tamoxifen when controlling for conventional prognostic factors.
In terms of effect on prognosis, several studies have been published examining the effect of pS118ERα where this marker correlates with PR [28] and is negatively correlated with grade [25] . As the association of pS118ERα with outcome is most profound in pre-menopausal patients [16] , any potential inconsistency of our findings with previous reports may be related to differences in menopausal status. Furthermore, our group has previously shown an association Fig. 4 Kaplan-Meier DFS and OS estimates for pS167ERα. a DFS and e OS estimates by pS167ERα groups regardless of treatments received. b DFS and f OS estimates by treatments for patients with pS167ERα of 0%. c DFS and g OS estimates by treatments for patients with pS167ERα intensity of ≥ 10%. Forest plots represent the treatment effects of exemestane versus tamoxifen on d DFS and h OS in the subgroups of pT202/T204MAPK as well as in the whole study sample (overall). Hazard ratios were estimated with univariate CoxPH models. Test for interaction between exemestane versus tamoxifen and pS167ERα of ≥ 10% versus 0% is shown in the forest plots. (p unadjusted, p BH Benjamini-Hochberg adjusted, Tam tamoxifen, Exem exmestane) ◂ between pT202/T204MAPK and smaller tumour size, and better survival outcome in ERα-positive breast cancer patients [24] . The present study appears to confirm the negative associations of both factors (pT202/T204MAPK and pS118ERα) with prognostic features such as tumour size, yet no significant association with outcomes was observed in this cohort for either phosphorylation marker. Activation of the phosphatidyl-inositol-3 kinase pathway as measured by phosphorylation status of components of the protein cascade has been shown to correlate with tamoxifen resistance, while this was not found for its upstream drivers like the presence of a PIK3CA hotspot mutation, or PTEN loss [29, 30] . AKT inhibitors have been shown to extend the duration of response to both tamoxifen and AI in pre-clinical models [31] . It has also been reported that high AKT activity, as defined by phosphorylation at serine 473 and threonine 308, does not predict for significant benefit from tamoxifen [8] . In this study, the correlations between AKT phosphorylation and poor prognosis in ERα-positive patients were not observed, although high expression of its downstream target p-p70S6K had been reported to confer a favourable prognosis in postmenopausal patients [8] . Data in this study which supported the correlations with conventional prognostic factors, AKT phosphorylation, however, showed no independent impact on prognosis in this randomised phase III study population.
Conclusion
This study of 1036 primary tumours confirms the association between activated AKT, MAPK and ERα phosphorylation status in postmenopausal breast cancer patient, but does not corroborate their prognostic power for DFS or OS in the entire PathIES study, nor their predictive values for these outcomes for patients managed by switched therapy over tamoxifen alone. 
